To better understand the possible breakdown of locality in quantum gravitational systems, we pursue the identity of precursors in the context of AdS/CFT. Holography implies a breakdown of standard bulk locality which we expect to occur only at extremely high energy. We consider precursors that encode bulk information causally disconnected from the boundary and whose measurement involves nonlocal bulk processes. We construct a toy model of holography which encapsulates the expected properties of precursors and compare it with previous such discussions. If these precursors can be identified in the gauge theory, they are almost certainly Wilson loops, perhaps with decorations, but the relevant information is encoded in the high-energy sector of the theory and should not be observable by low energy measurements. This would be in accord with the locality bound, which serves as a criterion for situations where breakdown of bulk locality is expected.
Introduction
A very puzzling, yet fascinating, aspect of quantum gravity is that it may be fundamentally holographic in nature. The holographic principle conjectures that a d-dimensional quantum gravitational system can be equivalently described by a non-gravitational theory in d − 1 dimensions [1, 2] . Although any physical state should be realizable in either theory, the holographic duality map is, in practice, very complicated and, in most situations, poorly understood. While gravity may be approximately local at low energies, holography implies that quantum gravity contains too few degrees of freedom to be fully local in d-dimensions. Approximate locality must somehow emerge in a wide range of situations where measurements are made at scales larger than the Planck (or string) scale and at energies too low to excite long strings or create large black holes. To understand whether and how holography is realized, we clearly need to better understand the problem of "decoding the hologram."
The most concrete formulation of holographic duality is the AdS/CFT correspondence [3, 4] in which string theory in asymptotically AdS spacetimes is alternatively described by a conformal field theory on the AdS boundary. Local operators on the boundary are known to correspond to the boundary values of supergravity fields [5, 6] , and correlation functions of local boundary operators correspond to AdS analogs of S-matrix elements [7] . However, the way events deep in the bulk of AdS are encoded in the boundary theory remains murky. The UV/IR relation [8] , in which distance in AdS from the boundary manifests as size in the field theory, implies that information regarding the interior of AdS is somehow spread nonlocally in the boundary theory.
Of particular interest is the holographic description of black holes. The black hole information paradox [9] signals a breakdown in the conventional models of quantum gravity and can be well-posed in the AdS/CFT context [10, 11] . Destruction of information upon falling into a black hole violates unitarity, while its escape conflicts with locality. The holographic principle suggests a resolution to this problem, because the boundary theory should unitarily describe black holes and their evaporation without information loss. Correspondingly, holography implies that any local description of the bulk can only be approximate and must break down at some point. However, to fully explain black holes and the necessary loss of locality, we need to understand the holographic encoding of bulk information far, and in particular causally disconnected, from the boundary.
Rather than a black hole, we will consider a simpler system, proposed in [12] , in which a bomb detonated at the origin of AdS creates an out-going spherical wave. No information about the explosion reaches the boundary until the wave arrives. Because bulk fields near the boundary retain their pre-explosion values until that time, local operators in the boundary theory are unaffected by the presence of the bulk wave until it actually reaches the boundary. However, according to the AdS/CFT correspondence, the boundary state contains complete information about the wave as soon as it is created, even though it is inaccessible to measurements of local operators or their correlators. The nonlocal boundary operators which encode such bulk information were named precursors in [12] .
Identifying the precursors drives at the essence of understanding holography in the context of the AdS/CFT correspondence. The authors of [12] suggested a toy model of AdS/CFT and conjectured that a bulk gravitational wave corresponded, in a free-field boundary theory, to a squeezed state. While the boundary stress-energy tensor matched the asymptotic metric perturbations of the bulk and was insensitive to the wave, a nonlocal bilinear of the boundary fields did detect the presence of the wave before it reached the boundary, and was identified as a model precursor.
Large, spatial Wilson loops were proposed in [13] as more realistic precursors. Following the UV/IR relation, the wave could be seen by a loop whose size matched the wave's distance from the boundary. According to the bulk view of this process, a long string ending on the Wilson loop stretched in from the boundary and interacted with the wave [14] [15] [16] . Essentially, a large string was used to measure a naively acausal spacelike correlation. However, the calculation that purported to demonstrate acausal sensitivity of Wilson loops to bulk information relied on an incorrect saddlepoint approximation of the integral over world sheets, noted in [17] , raising doubts about the identification of large Wilson loops as precursors.
A further conjecture of [17] suggests that precursors are related to bulk processes of sufficiently high energy that we expect bulk locality to be violated. Bulk systems should appear holographic rather than local when the locality bound of [17] is saturated, signaling the onset of nonlocal stringy or black hole phenomena. Measuring a precursor corresponds, in the bulk, to a seemingly acausal process requiring just this sort of nonlocality. Precursors, then, must involve high-energy components of boundary operators to access information causally disconnected from the boundary.
4
To further investigate the nature of precursors, we present an improved, yet still simplified model of the AdS/CFT correspondence in which a spherical bulk wave is described by precursors in the boundary theory. Although we obtain results similar to [12, 13] , we argue that these are suggestive of precursor information being encoded in high-frequency components of Wilson loops (rather than their smooth, macroscopic structure) and perhaps in is equivalent to taking functional derivatives of a Wilson loop with respect to its contour and is one way to extract its high-energy components.
The remainder of this paper is organized as follows. Section 2 presents a toy model of precursors which illustrates their key properties. Detailed calculations are shown for a system in AdS 5 , and a parallel example in AdS 3 is sketched. We compare our results with previous precursor models [12, 13] and discuss the limitations inherent in this approach. In section 3, we extrapolate from our model to discuss the possible forms of precursors in the complete theory, and comment on the connection with properties of string theory in a D3-brane background. In particular, we focus on the corresponding bulk picture of precursors and the stringy nature of bulk nonlocality. Section 4 contains concluding remarks.
Toy Models of Precursors

Overview and Previous Approaches
While an exact description of precursors is currently beyond our ability, we can construct a toy model, along the lines suggested in [17] , which illustrates their expected properties. For simplicity and computability, we work simultaneously with the free field approximation in both the bulk and on the boundary. Such an approximation is not well justified, as supergravity accurately describes the bulk precisely when the boundary CFT is strongly interacting. In the bulk, weakly-interacting supergravity is valid in the 't Hooft limit, where we consider IIB string theory in the limit of small string coupling, g s ≪ 1, and with large AdS radius in string units. The corresponding boundary theory, N = 4 SU(N) SYM, in the 't Hooft limit, is strongly coupled, g 2 Y M N ≫ 1. Because of this difficulty, conclusions drawn from our model must necessarily be limited and tentative.
Our model was motived by those of [12, 13] and shares many of their features. While their results are similar to ours, our version exhibits a more concrete derivation and shows more explicitly the properties of the boundary state and the precursor observables. Working in the 't Hooft limit, [12] considered a linearized bulk gravitational wave expanding from the origin and, using N 2 scalar fields φ mn to model the boundary SYM, postulated that it corresponded to a squeezed boundary state of the form
The possible importance of decorated loops was suggested to us by L. Susskind.
The function F ( k) was related to the profile of the wave as it reached the boundary and acted as an expansion parameter. Expectation values of the components of the boundary stress tensor, T µν , were calculated in the state (2.1) to first order in F ( k) and were shown to lack any information about the wave until its arrival at the boundary. The nonlocal operator φ(b)φ(b ′ ) was suggested as a precursor which could distinguish the squeezed state from the vacuum before any local operator could and whose size was dictated by the UV/IR relation:
When the appropriate combination of derivatives were taken and the points b and b ′ coincided, the resulting operator was simply T µν . A non-trivial consistency check was performed in [12] by computing the lowest-order backreaction on the asymptotic bulk metric due to the wave and showing the effect was reproduced in the free-field boundary model. While the contribution at first order in F ( k), labeled the principal, vanished until the wave reached the boundary and reflected the boundary profile of the wave, the second order term, the interest, was time-independent and matched the back-reaction due to the wave's ADM mass.
We will take a somewhat more systematic approach to constructing our model which, though we consider a dilaton rather than graviton wave, reproduces many of these features in both the AdS 5 and AdS 3 cases. In 't Hooft limit, the dilaton is a free bulk scalar, and we model its corresponding bulk operator Tr F 2 by a composite of a free boundary scalar which is analogous to the gauge potential A. Using an explicit map between free bulk and boundary operators and given a point-like bulk source, we derive a squeezed boundary state. As in [12, 13] , we find that local boundary operators retain their vacuum values until the wave arrives at the boundary. A nonlocal composite of boundary scalars, our model precursor, recognizes the squeezed state earlier and encodes the wave's bulk motion. The precursor's size is given by the UV/IR relation, and, as the wave reaches the boundary, the precursor becomes the local operator Tr F 2 . Finally, we verify that, as expected, the dilaton wave has no time-independent interest contribution.
Results in AdS 5
Bulk Wave as Boundary Squeezed State
We take the bulk space to be AdS 5 × S 5 , although, as nothing will depend on the S 5 , we will suppress it. We work in global AdS 5 with radius R and, using dimensionless coordinates
, where ρ ∈ [0, π/2), with metric
In the region near the conformal boundary, we use dimensionful Poincaré coordinates (t, z, x) as an approximation to the above global coordinates, such that τ −π/2 ≈ t/R, π/2−ρ ≈ z/R, and Ω ≈ x/R and t, r ≪ R. In this approximation, the metric near the boundary is
The conformal boundary is S 3 × R with coordinates b = (τ, Ω) and dimensionless metric
For distances small compared to R, using the change of variables above, the boundary is approximately Minkowski space with dimensionless coordinates (t/R, x/R).
The system we propose to describe, illustrated in Fig. 1 , consists of an outgoing spherical dilaton wave generated at the origin of AdS at τ = 0 which reaches the boundary at τ = π/2 and reflects back toward the origin. Prior to the creation of the wave, the bulk is in the vacuum state. According to AdS/CFT, the boundary state provides an alternative description of this process. Local boundary observables measured before τ = π/2, when the wave reaches the boundary, yield vacuous results. However, certain nonlocal operators, the precursors, can distinguish between the vacuum and the non-trivial state corresponding to the bulk wave.
We work in the limit that the dilaton is a free, massless bulk field φ(B) which is excited at τ = 0 by an idealized point source J(B) = jδ(τ )δ(ρ). We choose an interaction picture in which the interaction Hamiltonian H s (τ ) = dρ dΩ J(B)φ(B) generates time evolution for the state. The resulting bulk state is
where the subscript B denotes states in the bulk Hilbert space. In (2.7), we take the source J(B) to be weak and work to linear order in j. Figure 1 : A point-like dilaton source at τ = 0 creates an outgoing wave which reaches the boundary at τ = π/2 and then reflects back toward the interior.
AdS Source Wave Dilaton
Because φ is a free field, it can be expanded in the mode sum for scalars in AdS d+1 [18] :
where, in AdS 5 for massless scalars, the various constants are given by ν = 2, h + = 2, ω nℓ = 2n + ℓ + 2h + and 
The bulk and boundary Hilbert spaces correspond via AdS/CFT. We will use a subscript ∂ to distinguish boundary states. The boundary state which is dual to the bulk state (2.6) is, for τ > 0,
The boundary operator O dual to the dilaton is Tr F 2 , the square of the gauge field strength. For the purposes of constructing a simple toy model of the precursors, we will neglect both interactions and the index structure of the fields on the boundary. While we expect the indices merely complicate the formulae without substantive effect, ignoring strong interactions may qualitatively affect the results. In particular, we consider a free, massless canonical scalar ψ(b) on the boundary which will play the role of the gauge potential A and which, in Poincaré coordinates, can be expanded in modes as
where the energy ω 2 k = k 2 and a † k and a k are boundary creation and annihilation operators.
with C a normalization constant to be determined, and taking the product to be normal ordered, O now models Tr F 2 as desired.
We now proceed to write the boundary state (2.13) in a simple form. First, we set B = 0 in (2.11) to obtain
where s = n + 2 and the spherical harmonics are normalized such that
In order to write M(0; b) in the approximate boundary coordinates, we take τ − π/2 ≈ t/R where t ≪ R. As we will consider lengths small compared with the AdS radius R, the dimensionful momentum q = s/R, quantized in units of 1/R, is approximately continuous, and
We plug this expression (2.16) for M(0; b) and the mode expansion of O(b) into the formula for the boundary state (2.13) expanded to linear order in j, yielding
This calculation of the squeezed state can be seen as a more concrete derivation of the state (2.1) postulated in [12] . Choosing F ( k) = ijC π 2 gives a state identical to (2.17) and corresponds to specifying a point source at the origin. 
Detecting the Bulk Wave using Precursors
We would like to perform a measurement in the boundary theory which will be sensitive to the non-vacuum nature of the state. Prior to τ = π/2, t = 0, when the dilaton wave in the bulk hits the boundary, n-point correlation functions of O(b) in the boundary state (2.12) give vacuous results by standard field theory causality and (2.10) as follows:
where, because each (b i , π/2) is outside the lightcone of the source at the origin, i.e. τ i < π/2, we have used [φ(0), φ(b i , π/2)] = 0 in the third line. As expected, no product of the analog of local gauge invariant operators is sensitive to the state before the time the wave reaches the boundary. Instead, we will measure a spacelike two-point function of ψ(b) in the squeezed state (2.17) to first order in j,
where we have used the hermiticity of ψ to write (2.19) as an imaginary part of a single term. This is not analogous to a product of local gauge-invariant operators, since ψ is a model for the gauge potential A, which is not gauge invariant. We will discuss the gauge theory interpretation of these operators shortly. After plugging in the expansion for ψ, (2.14), and simplifying, we have
We now perform the integral over k using spherical coordinates and ω k = | k|. Letting r 12 = | x 1 − x 2 | and inserting iǫ's to ensure convergence of the integral over k, we obtain
In our toy model, this boundary measurement detects the presence of the dilaton wave at t < 0, before measurements using O could do so. However, in our model ψ represents the gauge potential A which is gauge dependent and cannot physically be measured. We might instead measure ∂ µ ψ, which is more closely analogous to the field strength F = dA.
If we now take two derivatives of (2.21) and choose b 1 = (t, x − a) and b 2 = (t, x + a), we have the simple form
The correlation function is proportional to derivatives of δ(t − a) − δ(t + a). The bulk dilaton wave reaches the boundary at τ = π/2 or t = 0, so the wave's distance from the boundary (either before or after collision) is |t|. For a given a, a spike is measured when the wave is a distance a from the boundary, as shown in Fig. 2 . We identify the nonlocal operator
as a precursor, which unlike local operators, can distinguish the squeezed state from the vacuum before t = 0 and thereby detect excitations in the bulk away from the boundary.
To check the consistency of our model, we let b 1 = b 2 = b = (t, x) and multiply by CR 
The imaginary part vanishes for t = π/2, and the result is can be compared to that obtained by direct bulk calculation using the bulk/boundary propagator from [19] : We find the normalization C 2 = π 2 /2, and verify the model correctly reproduces the prescription of [5, 6] . As a final check, we investigate whether O has a second-order interest term. A simple calculation using the squeezed state (2.17) and the expansion of O gives
The boundary stress-energy tensor T µν (b) ∼ ∂ µ ψ(b)∂ ν ψ(b) has time-independent contributions of order j 2 in the squeezed state (2.17), which, as in [12] , can be identified as the interest.
In contrast, the second order contribution to O(b) vanishes. Because O corresponds to the asymptotic dilaton rather than graviton, we would not expect such a non-linear interest-like correction anyway. The ability of this toy model, like that of [12] , to capture aspects of gravitational back-reaction is quite surprising. We would expect details of the non-linear bulk physics to be beyond the applicability of a free-field model. To fully reproduce truly gravitational phenomena such as black holes, the strongly interacting SYM is likely required.
Results in AdS 3
We can similarly model the precursors of AdS 3 and its dual two-dimensional CFT. The reduction in dimensions simplifies the calculation. Because the boundary S 1 × R is flat, we can use the exact geometry instead of an approximation valid near a patch of the boundary. As a result, the periodicity of the system is explicit and the region far from the boundary is available for investigation. The outgoing wave in AdS 3 can be detected using a boundary two-point function as in AdS 5 . The calculations are similar, and we will merely outline the differences before stating the results.
We take the bulk space to be AdS 3 × S 3 × T 4 , although, as before, only the AdS 3 factor concerns us. The metric of global AdS 3 in dimensionless coordinates B = (τ, ρ, θ) is
Using the coordinates b = (τ, θ), the dimensionless metric on the boundary is simply
The mode expansion for the massless bulk field φ(B) is a modification of (2.8):
with ν = 1, h + = 1, ω nℓ = 2(n + |ℓ| + 1), and where ℓ ranges from −∞ to ∞. Similarly, the expansion (2.14) of the boundary field ψ(b) becomes 
Following the steps of the calculation in AdS 5 , we evaluate a two-point function of ψ to first order in the source j:
. (2.33) Again, we differentiate each field and set b 1 = (τ, θ − a) and b 2 = (τ, θ + a) to obtain the AdS 3 analog to (2.22),
As before, we find the correlation function is zero except when the wave is a distance a from the boundary. At that time, |τ − π(n + )| = a for any n ∈ Z + , the resulting delta function signals the wave's detection. The periodicity of the result under τ → τ + π corresponds to the wave periodically expanding to the boundary and reconverging to the origin. By using the full global geometry, it becomes apparent that the precursor actually detects the wave deep in the AdS bulk and our AdS 5 result (2.22) is not an artifact of restricting to the near-boundary region. The expectation value of O(b), obtained by setting b 1 = b 2 = b = (t, θ) and multiplying by C, matches with the corresponding bulk calculation [19] 
Successes and Limitations
The proposed toy model is admittedly oversimplified, yet it manages to retain those essential properties we expect precursors to exhibit in the exact theory. Excitations deep in the AdS bulk are not manifest in the local operators of the boundary SYM. The precursors' defining feature is the ability to access these hidden degrees of freedom. Here we have illustrated a model of a boundary state (2.17) which to local operators appears to be the vacuum, but contains non-trivial correlations measured by a precursor (2.22).
Almost certainly, precursors and other probes of the interior of AdS are extended, nonlocal objects in the boundary SYM as dictated by the holographic UV/IR correspondence. While ultraviolet portions of the field theory correspond to the infrared boundary asymptotics of AdS, long-distance length aspects encode information regarding regions of AdS whose distance from the boundary is directly related to their size. In our model, the information that the wave is a distance a from the boundary is contained in the non-zero correlator of fields separated by a distance 2a on the boundary. This type of UV/IR relation was seen in [12, 13] , and in many other contexts.
Despite these successes, not surprisingly our model fails to capture all the aspects of the correspondence between string theory in AdS and its CFT dual. The precursor (2.23) gives some information about the bulk, but doesn't precisely correspond to φ(t, a, x) or to φ anywhere else in the bulk. For instance, when |t| < a, j|φ(B)|j = 0, while the precursor (2.22) is identically zero. This is hardly surprising as the direct holographic dual to φ(B), at least in this free-field model, isφ
lack a simple SYM analog, but it is completely nonlocal in both space and time.
As noted previously in section 2.1, our model uses an unjustified free-field approximation. In the 't Hooft limit, where string theory is well described by supergravity, the coupling g 2 Y M N of the boundary SYM is large, yet we employ just the opposite, a non-interacting model. While some attempts to justify this approach were presented in [12] , we are content to recognize conclusions based upon such a model are suggestive of the results of more accurate calculations.
Given these objections, that our simple free-field model works at all is somewhat surprising. One reason why lies in the fact that while O has a simple interpretation in the bulk field theory, neither our precursor (2.23) nor the fields ψ from which it's composed correspond to identifiable field theory objects. Although there are many reasons to distrust a free boundary field theory, the most important flaw in our model may be in the bulk. When bulk interactions are added, the correspondence (2.10) can not be inverted so easily to give bulk fields in terms of boundary operators. Furthermore, for the bulk theory to have any holographic description, it must necessarily nonlocal. Both our simple bulk theory and weakly interacting supergravity are local field theories. An improved calculation in interacting SYM with nonlocal precursors would require string theory for a complete bulk description. We next turn to a discussion of how the precursors might be identified in this full N = 4 SU(N) gauge theory.
Precursors and Bulk Locality
The obvious question is what light does our toy model shed on the possible identity of the precursors in AdS/CFT. Our model does demonstrate some points of principle. The first is that it is possible to encode information in a boundary state such that it cannot be measured by a local observation, but instead requires measuring a nonlocal product of operators, as advocated in [12] . Information is encoded this way by virtue of the boundary state being a squeezed state of a specific type. The second is that the nonlocality, as exhibited by the separation of the operators, acts in accord with the expectations of the UV/IR correspondence: larger distances on the boundary correspond to events deeper into the bulk.
However, while serving as a guide, our model is not yet sufficient to precisely identify the precursors in the true gauge theory. Of course, Wilson loops are nonlocal operators, and thus natural candidates. However, since the general observables in a nonabelian gauge theory are Wilson loops, this is not sufficiently specific. Susskind and Toumbas [13] suggested that measurement of large, smooth Wilson loops is sufficient to detect information deep in the bulk. But [17] demonstrated a flaw in the calculation purporting to demonstrate this. What is desired is a more specific description of exactly what kind of Wilson loop measurements allow one to access information outside the bulk lightcone.
In seeking the identity of the precursors, we should take as many clues as possible from the bulk viewpoint. In particular, if the AdS/CFT correspondence indeed provides an accurate representation of physics that is approximately local in the bulk, on scales large as compared to the string distance, then the precursors should respect the constraints expected from this approximate bulk locality. We assume that the boundary observables that correspond to the precursors are some appropriate limit of bulk operators or observables.
For example, according to the proposal of [14, 15] Wilson loops of the form
where A µ is the SU(N) gauge field, φ i are the six scalars, and y i is the path of the loop on S 5 such thatẏ 2 =ẋ 2 , are dual to the boundaries of string world sheets. As was argued by two of the authors in [17] (see also [24] for further discussion), this indicates that observation of a Wilson loop corresponds to an appropriate limit of a measurement of the string field operator Φ[x(σ)] (Fig. 3) ,
where Z[x(σ)] is a normalization factor analogous to the factor cos −∆ ρ (see 2.10) for local operators in the prescription of [5, 6] . Here we are being somewhat schematic, as a general definition of the string field operator is fraught with difficulties, gauge and otherwise (the former can in some cases be avoided by working in lightcone gauge). This means that we are interested in a limit of the expectation value
of the string field operator. The question is, from the bulk perspective, under what circumstances this expectation value would be expected to be non-vanishing outside the lightcone of the source. Ref. [17] formulated a locality bound which gives a general criterion: bulk locality should fail when we probe field components with appreciable overlap with states of high enough energy to imply locality violations, for example by either producing a long string or a black hole that extends over the region containing both the source and the observation point.
It is in practice rather difficult to explore the black hole version of this statement, since it intrinsically refers to non-perturbative gravitational phenomena. There is some more hope of investigating the role of the extended nature of strings in this context.
In particular, if these effects can be exhibited in string perturbation theory, the simplest contribution to (3.3) should come from the string two-point function,
(compare eq. 2.18). Possibly nonlocal effects in this commutator are only poorly understood. These were discussed in [21] [22] [23] which suggested that, using interaction lightcone string field theory, such effects could be exhibited, but fell short of a clear gauge invariant statement. The essential question is what components of the string field expectation value (3.3) we expect to manifest the nonlocal effects. An argument given in [20] states that whatever the precursors are, they cannot be measured by a collection of local observers. The logic was that the time for a signal to go from the center of AdS to the boundary could be made arbitrarily long by adding matter. On the other hand, a measurement in the field theory which is made by a collection of local observers need only take as long as it takes to collect the information to a central point. This time is bounded. We suggest an alternative resolution to the paradox: bulk locality is violated. The reasoning of [20] relies on bulk locality in assuming that no excitation can be detected at the boundary until a light ray has time to reach it. We believe that there is evidence that the measurement of Wilson loops, for example, can detect information nonlocally within the constraints of the locality bound of [17] if the measurements are carried out on a sufficiently fine scale.
Specifically, let us suppose that the boundary gauge theory is cutoff at a scale δ with respect to the dimensionless boundary metric (2.5). How do we for example measure a spacelike Wilson loop? Indeed, the authors of ref. [25] argue that Wilson loops are not observables in the traditional sense, in that they can't be measured in a non-demolition measurement: if a Wilson loop is measured, even eigenstates of the Wilson loop operator are generically disturbed. However, they can be measured in a demolition experiment. Specifically, suppose that we want to measure a Wilson loop at a resolution given by δ. We can prearrange charged particles at separations δ along the curve to be measured, and at the agreed upon time, each of these particles can be moved to a neighboring location, measuring the phase of the wavefunction. Since this measurement takes a time δ, we expect that the energy associated to the measurement of each component particle must be of order 1/δ, in the same sense that measurement of the value of an ordinary scalar field on a time scale ∆t involves field involves creation or annihilation of quanta of energy 1/∆t. If L is the length of the Wilson loop, there are L/δ such particles, corresponding to a characteristic energy
for the measurement. Let us discuss the corresponding bulk measurement, which we have argued corresponds to absorbing a large string. One way of implementing the cutoff with resolution δ in the field theory is to move the AdS boundary in to ρ = π/2 − δ. As shown in Fig. 3 , we imagine absorbing a string on this surface. For a Wilson loop of length L, the corresponding string will have proper length LR/δ. Consider, for example, a maximal length loop that spans the equator, with L ∼ 1 and proper length R/δ. The above measurements correspond to measuring the string over a proper time T ∼ R and with a resolution size R; this is just the statement that physics at the cutoff corresponds to physics in a single AdS radius [26] . Thus, the proper energy required to measure the string, thought of as bits of size R and resolved on times R, is
This is of course exactly what we get by converting (3.5) to bulk units. To check the relationship to the locality bound, let's estimate the energy of a string stretching from the center of AdS to the boundary at ρ = π/2 − δ. The Nambu-Goto action takes the form
In gauge theory units, this corresponds to an energy E string ∼ R 2 /α ′ δ. Comparing this to E loop , we see that the energy of the loop measurement is higher than that of the stretched string state if δ
This suggests that the measurement should indeed involve energies beyond the saturation of the locality bound, providing a possible rationale for bulk locality violation. This discussion also makes it clear that the information is contained in the structure of Wilson loops on a fine scale. If we average over much larger scales, the loop will not saturate the locality bound. Precursor variables, if they indeed arise in this fashion, are encoded in short-distance variations of these loops and not in their coarse-grained average.
A particular kind of Wilson loops that is sensitive to short-distance information is the decorated Wilson loops, namely Wilson loops with insertions of local operators, e.g. the field strength F , at points along the loop. Our toy calculation is also suggestive of such operators. Decorated loops correspond to variations of ordinary loops:
Via the correspondence between Wilson loops and string fields, we similarly see that these correspond to variations of the string fields at short scales:
These comments suggest that decorated loops may be an important part of the story. It's also amusing to think about the bulk description of a process corresponding to measuring a decorated Wilson loop. In a weakly-coupled D-brane description, a Wilson loop corresponds to a string end traversing a curve on the boundary; for a stack of branes we must sum over the different branes on which the string can terminate. Insertion of an operator such as the field strength F corresponds to absorbing a short string that connects one brane to another. To understand the corresponding AdS picture, we must answer the question "where are the branes?" Susskind [27] has suggested that they lie at the boundary, since in the UV Trφ i φ i ∼ r 2 = ∞ . says that the fluctuations from infinity vanish. Thus, the AdS picture of a decorated Wilson loop is apparently that of a world sheet terminating on the boundary, with insertion of string vertex operators corresponding to absorbing a short strings at the AdS boundary, as shown in Fig. 4 . This fits well with the fact that the insertion F is a local operator and thus should be supported in the UV.
Conclusion
The exact description of the precursors and the corresponding problem of "decoding the hologram" remain somewhat of a mystery. We believe we have contributed towards clarifying the possible identification of the precursors. Specifically, we have seen that a model for precursors can be explicitly analyzed in which no local boundary observable detects the information contained in the state, but a bilocal operator does. The corresponding state is a special form of squeezed state. It is tempting to speculate that this basic picture translates into the strongly coupled gauge theory relevant at large R. We have argued that it is indeed plausible that Wilson loops, if measured on fine enough scales, do indeed detect bulk information "at a distance," and specifically that this is possible within the constraints of the locality bound: observation of such a Wilson loop is a high-energy observation, with sufficient energy to create a stretched string and probe the intrinsic nonlocality of string theory. Decorated loops, which make more explicit the short distance structure of the theory, may in particular play an important role. However, we have yet to exhibit a calculation that demonstrates that the information is indeed detected by Wilson loops. Such a calculation is apparently beyond present technology in AdS 5 , as it requires a more complete understanding of string propagation, beyond the supergravity approximation, in that space.
